Abstract A novel platform is introduced for simultaneous identification and quantification of new psychoactive substances (NPS) in blood matrix, without the necessity of using authentic reference standards. The instrumentation consisted of gas chromatography (GC) coupled to nitrogen chemiluminescence detection (NCD) and atmospheric pressure chemical ionization quadrupole time-of-flight mass spectrometry (APCI-QTOFMS). In this concept, the GC flow is divided in appropriate proportions between NCD for single-calibrant quantification, utilizing the detector's equimolar response to nitrogen, and QTOFMS for accurate mass-based identification. The principle was proven by analyzing five NPS, bupropion, desoxypipradrol (2-DPMP), mephedrone, methylone, and naphyrone, in sheep blood. The samples were spiked with the analytes post-extraction to avoid recovery considerations at this point. All the NPS studies produced a protonated molecule in APCI resulting in predictable fragmentation with high mass accuracy. The N-equimolarity of quantification by NCD was investigated by using external calibration with the secondary standard caffeine at five concentration levels between 0.17 and 1.7 mg/L in blood matrix as five replicates. The equimolarity was on average 98.7 %, and the range of individual equimolarity determinations was 76.7-130.1 %. The current analysis platform affords a promising approach to instant simultaneous qualitative and quantitative analysis of drugs in the absence of authentic reference standards, not only in forensic and clinical toxicology but also in other bioanalytical applications.
Introduction
Identification and quantification of drugs and metabolites without possessing the authentic reference standards is a challenge in many areas of bioanalysis. In forensic toxicology, the recent emergence of new psychoactive substances (NPS), with more than one hundred new substances entering the illicit market in Europe in 2014, makes it difficult for the laboratories to equip themselves with appropriate reference standards even for the most prevalent new drugs and their metabolites.
High-resolution mass spectrometric techniques (HRMS) have found extensive use in clinical and forensic toxicology and doping control [1] , and efficient data-independent acquisition methods are now utilized for substance identification together with comprehensive spectral libraries [2] . However, while there is forceful progress in the identification of drugs by HRMS, quantification without reference standards remains mostly uncompleted using the conventional analytical armory. Rather complicated techniques beyond the scope of most forensic laboratories have been used for quantification, such as accelerator MS, or comparison of response factors established between MS and radioactivity detection or NMR [3] .
Liquid chromatography (LC) coupled to nitrogen chemiluminescence detection (NCD) can be used with a single external nitrogenous calibrant to quantify nitrogen-containing compounds of known molecular formula, based on the detector's equimolar response to nitrogen. We have previously applied LC-NCD to the quantification of the active components of confiscated street drugs without authentic reference standards [4] . As approximately 90 % of drugs contain nitrogen, the N-equimolar response of this detector enabled facile quantification of both traditional illicit drugs and NPS using a single secondary standard, caffeine, for calibration [5] .
However, the LC-NCD approach is not equally feasible in bioanalytical applications due to the limited sensitivity and fairly slow data acquisition capacity of the detector, necessitating high sample volumes and broad LC peak widths, respectively [6, 7] . In a bioanalytical context, the NCD detector's equimolar response to nitrogen is likely to be better exploited by using an instrument version designed for gas chromatography (GC), possessing a higher sensitivity and acquisition frequency than what could be obtained by the LC version. There are no previous applications of GC-NCD to drug bioanalysis taking advance of the N-equimolarity principle.
Our objective was to develop a new integrated platform for simultaneous identification and quantification of NPS in biological material, without the necessity of using authentic reference standards. The concept takes advantage of current atmospheric pressure chemical ionization GC interfacing to quadrupole time-of-flight MS (GC-APCI-QTOFMS). In our approach, the GC flow is divided in appropriate proportions between TOFMS and NCD, for accurate mass-based identification and for single-calibrant quantification, respectively. Recovery issues are not taken into consideration at this point but the experiments are carried out using sheep blood samples spiked post-extraction to produce a realistic matrix background.
Materials and methods
Reference standards Bupropion was as a gift from GlaxoSmithKline (Brentford, Middlesex, UK). Mephedrone was purchased from Toronto Research Chemicals (North York, ON, Canada), methylone and naphyrone from LGC GmbH (Luckenwalde, Germany), and desoxypipradrol (2-DPMP) from SynChem (Elk Grove Village, IL). The internal standard dibenzepine-D3 was purchased from Toronto Research Chemicals, and the external secondary standard caffeine from Sigma-Aldrich Finland (Helsinki, Finland).
Sample preparation Each reference standard was weighed and dissolved in methanol to obtain stock solutions of 1 mg/ mL. These solutions were mixed and diluted with butyl acetate to obtain 1, 2, 3, 5, and 10 μg/mL reference standard working mixtures in butyl acetate.
Sheep whole blood containing 1 % NaF was used for the experiments. The blood sample (1.0 g) was transferred into a 6-mL centrifuge tube, 300 μL of 1 M Tris buffer (pH 11) was mixed with the sample, and the mixture was extracted in a vortex mixer with 300 μL of butyl acetate for 2 min. After centrifugation, an aliquot (150 μL) of the organic phase was transferred into a conical autosampler vial. Thereafter, the internal standard (20 μL, 25 μg dibenzepin-D3 in butyl acetate) and 35 μL of the reference standard mixtures were added.
Analytical platform A 7890B Series GC System equipped with a 7693 Automatic Liquid Sampler and a split/splitless injector was coupled through a G3180B Two-Way Splitter with Makeup Gas to an APCI 6540 UHD Accurate-Mass Q T O F m a s s a n a l y z e r a n d a 2 5 5 N i t r o g e n Chemiluminescence Detector (all Agilent Technologies, Santa Clara, CA).
GC analysis
The injector liner was a Single taper Ultra Inert liner with glass wool (Agilent 5190-2293). The analytical column was a DB-5MS (30 m × 0.25 mm id with 0.1 μm film) capillary column (Agilent Technologies). After the analytical column, the GC flow was divided between the NCD and the APCI ion source through the two-way splitter, using 0.55 m × 0.18 mm and 2 m × 0.18 mm uncoated deactivated fused-silica post-columns to obtain a 10:1 flow ratio, respectively. The splitter pressure was 15.8 psi and the flow ratio was calculated using the Effluent Splitter Calculator (with Makeup) (Agilent Technologies). The GC was operated in the pulsed splitless injection mode with an equilibration time of 0.5 min and 50 mL/min purge flow to split vent at 0.75 min. A pulse pressure of 50 psi for 0.75 min was applied prior to using an initial head pressure of 24.9 psi. The injector port temperature was 250°C and the transfer line temperature 320°C. The injection volume was 1.5 μL.
The oven temperature was initially held at 100°C for 0.5 min and then increased by 30°C per min to 320°C, which was held for 6 min. Helium was used as carrier gas at 1 mL/ min in the constant flow mode.
APCI-QTOFMS analysis
The QTOFMS was operated in the APCI positive ionization mode, drying gas (nitrogen) flow at 5.0 L/min and gas temperature at 365°C with a constant pressure of 0.6 psi. The current of the corona discharge needle was 1000 nA and capillary voltage 1000 V. The fragmentor voltage was 150 V and skimmer voltage 65 V. QTOFMS data were recorded over the m/z range of 50-400 with an acquisition rate of 5 spectra/s. MS/MS spectra of the NPS were collected in the targeted MS/MS mode. Initial external mass calibration was carried out using the electrospray ionization (ESI) source with an ESI tuning mix (Agilent). Compounds were processed and handled with MassHunter Qualitative Analysis B.07.00.
NCD analysis Caffeine was used for external calibration. Caffeine was weighed and dissolved in methanol to obtain a stock solution of 1 mg/mL. Subsequently, this solution was diluted in butyl acetate to obtain working solutions for six calibration points ranging from 0.15 to 4 μg/mL, equaling from 11.1 to 295.6 pg/N, respectively, when a 1.5-μL injection volume was applied. External calibration was performed at the beginning of each data acquisition sequence with caffeine. The equimolarity of nitrogen detection was investigated by comparison of the concentration obtained from the external calibration to the concentration of each NPS reference standard at five different concentration levels (0.17-1.7 mg/L) using five replicates. The area of the internal standard was used to compensate for variation in all calibrations and measurements.
Pyrolysis of the analytes in the NCD was carried out at 900°C under a hydrogen flow rate of 4 mL/min and an oxygen flow rate of 9.4 mL/min. Data from the NCD was collected at 50 Hz over the entire course of the analysis. OpenLab CDS Chemstation GC driver A.02.05.021 was used to control the GC-NCD.
Results and discussion
Coupling of GC-APCI-QTOFMS with NCD In the present analytical platform, the GC flow was divided in appropriate proportions, using a flow splitter and uncoated deactivated fused-silica post-columns of different lengths, between NCD and APCI-QTOFMS to obtain a comparable performance level for the five NPS on both detectors. APCI-QTOFMS allowed accurate mass-based identification using protonated molecules [M + H] + and their characteristic product ions. The NCD was used for single-calibrant quantification with the external standard caffeine, utilizing the detector's sensitive equimolar response to nitrogen. Separate software from the same manufacturer was applied to the qualitative and quantitative sections of the total analysis.
The NPS chosen for this study represented typical psychostimulant drugs encountered on the illicit market. Bupropion, 2-DPMP, mephedrone, and methylone are aliphatic secondary amines and naphyrone an aliphatic tertiary amine. The present approach allowed simultaneous qualitative and quantitative analysis of these compounds without derivatization at relevant concentration levels in blood.
Identification by GC-APCI-QTOFMS Table 1 shows the GC-APCI-QTOFMS data (precursor ions, product ions, and retention times) for the five NPS spiked post-extraction in sheep blood. These data are concordant with the published ESI mass spectral data for each drug, mephedrone [8] , bupropion [8] , methylone [9] , 2-DPMP [10] , and naphyrone [11] . The soft APCI ionization allowed the choice of abundant protonated molecules [ +. abundance ratio. During the last decade, many researchers have recognized the merits of the GC-APCI interface in terms of lower quantification limits, broader linear ranges, and improved repeatability especially for late-eluting compounds compared to EI [12] . A concept involving a GC-APCI-QTOFMS webbased spectral library has been presented, including spectra of 150 compounds from the most common chemical families [13] . However, our preliminary results suggest that the mass Measured on separated days using respective external calibration based on caffeine spectra of NPS obtained by GC-APCI-QTOFMS bear good resemblance with those recorded by LC-ESI-QTOFMS, which may enable library search against the comprehensive ESI libraries readily available.
Quantification by NCD Table 2 shows the equimolarity of nitrogen chemiluminescence detection by five separate GC-NCD experiments for the NPS spiked post-extraction at five concentration levels in sheep blood. The equimolarity was on average 98.7 %, and the range of all individual equimolarity determinations was 76.7-130.1 %. The coefficient of variation for the five replicate measurements ranged from 2.1 to 14 %. These results indicate that GC-NCD can provide a general means for accurate quantification of NPS without authentic reference standards at a performance level comparative to ordinary drug analysis. Figure 1 illustrates a GC-NCD chromatogram of the five NPS spiked post-extraction at 1.7 mg/ L in sheep blood. According to the manufacturer's specifications, the sensitivity of the 255 NCD is <3 pg nitrogen/s (signal to noise 3:1) and linearity >10 4 . The aim of the present study was not to challenge these values, and consequently the performance was only tested using a limited concentration range in blood. The lowest concentration tested (0.17 mg/L in blood) was approximately the method's lower limit of quantification (LLOQ) using the current indicative sample work-up procedure. The concentrations reported in the literature for stimulant-type NPS range widely [14, 15] , the highest concentrations in blood being up to 7 mg/L [14] . The present LLOQ seems to be quite appropriate for investigating stimulant-related deaths [15] . In living, the target concentration range would be approximately from 0.02 to 2 mg/L in blood, requiring an almost 10-fold improvement for the present LLOQ. In future research, we will elaborate the method in terms of sensitivity by way of sample preparation, derivatization, and optimization of the GC-NCD analysis, including sample introduction. For sample preparation, salting-out-assisted liquid-liquid extraction is a viable option, covering a wide range of analyte polarity with steadily high recoveries [16] .
GC-NCD has been found to be a feasible instrument especially in petroleum refinery for the speciation and quantification of families of nitrogen compounds [17, 18] . In a comparison study, the Sievers type of NCD detector that we used in the present study performed better than the Antek-type detector in terms of peak width and shape [17] . Interestingly, the Nequimolar response of GC-NCD has been recognized only in few studies, such as in the determination of 14 organic nitrogen compounds in urban aerosol samples [19] and six volatile nitrosamines in grilled sheep and vegetables [20] . In these two studies, the accuracy of N-equimolar NCD quantification was good, the bias remaining within 12 and 7.3 %, respectively. However, no study prior to ours has used the GC-NCD-APCI-QTOFMS platform for simultaneous identification and quantification.
In an interesting study, Dahal et al. [21] examined if the calibration with a parent drug can be used to quantify its metabolites by using conventional flow ESI and low-flow captive spray ionization (CSI) LC-MS techniques. The signals of the parent drugs as compared with those of the metabolites were significantly different (up to 4-fold) for metabolite/parent pairs for O-demethylation, N-demethylation, aromatic hydroxylation, and benzylic hydroxylation, but were slightly less for the CSI method. They also demonstrated that the signal of the compound is an intrinsic property of the compound and not related to any given metabolic pathway [21] . These findings emphasize the need of a bioanalytical detection technique with universal or calculable response, such technique being the GC-NCD currently reported here for the nitrogen containing NPS.
Conclusions
The analytical platform presented in this study enabled a straightforward resolution to the common challenge of analyzing NPS in cases where appropriate reference standards are not readily available. We anticipate that this approach possesses great potential not only in analytical toxicology but also in other fields of analysis. Yet should the results obtained without actual reference standards be based on careful validation to be eligible in a legal context. At this point, our results were obtained by analyzing blood samples spiked postextraction to avoid emphasizing recovery issues. Our future research will focus on the library search options, control of sample preparation to compensate for recovery, as well as on the development of derivatization methods to further improve sensitivity.
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